Abstract-A temperature self-compensated optical waveguide biosensor employing the cascade of a ring resonator and an arrayed waveguide grating (AWG) spectrometer based on silicon-oninsulator platform is proposed and theoretically investigated. By means of appropriately choosing the waveguide widths for ring waveguide and array waveguide, respectively, the AWG spectrometer is designed to have the same temperature dependence as the ring sensor in aqueous solution, pertinent to most biosensing applications, with temperature change to eliminate the temperatureinduced sensor signal change in detection result. A center of gravity detection technique is used for processing the power distributions at all output channels of the AWG spectrometer to derive the resonance wavelength of the ring sensor. The simulated results show that the resonance wavelength shifts derived from the AWG spectrometer for the ring sensor/sensor arrays are only dependent on the refractive index change of the aqueous solution and remain unchanged regardless of the environmental temperature variation.Compared with the conventional measurement for the ring sensor, this proposed optical waveguide biosensor without the needs for an external high-resolution light source/spectrometer and extra processing for the detected data to eliminate the temperature influence can find an application in smartphones/potable sensor detection systems for on-site testing.
I. INTRODUCTION
S ILICON-ON-INSULATOR (SOI)-based optical waveguide biosensor employing a ring resonator has attracted tremendous interest in past decades [1] - [10] because of its advantages such as ultra-compact size, high sensitivity, label-free detection, low sample consumption, immunity to electromagnetic interference and multiplexing. Furthermore, its fabrication process is compatible with CMOS technology which can realize mass fabrication with low cost, and it also can be integrated with other devices such as light sources, detectors and microfluidic unit on the same chip to realize a low-cost and portable lab-on-a-chip module for the application of on-site testing. However, there are two drawbacks for microring resonator based optical biosensor, which significantly limit its further application in portable detection. On the one hand, due to its sharp resonance peaks (high Q factor), an external high-resolution tunable laser or a high-resolution spectrometer is required to detect the resonance wavelength of ring resonator, therefore dramatically increasing the cost and decreasing the portability. On the other hand, the resonance wavelength of microring shows a significant temperature dependence of ∼ 50 pm/
• C since the silicon material has a large thermal-optic (TO) coefficient of 1.84 × 10 -4 /K, thus temperature-induced wavelength shift during the measurement will be superimposed onto the useful real wavelength shift and in turn decreases the sensing accuracy and stability.
There are mainly two approaches utilized to realize a low-cost detection for the resonance wavelength of ring sensor. One is to cascade a reference ring with a slight difference on the free spectral range (FSR) compared to the sensor ring, and consequently the Vernier effect can be used [5] , [8] , [11] . One can investigate the envelop shift of the cascaded double-ring, and later, an intensity interrogation method of cascaded double-ring was investigated by using a low-cost broadband source [12] . This method significantly improves the sensitivity and limits of detection of ring resonator. However, since the reference ring covered by a thick upper-cladding layer and the sensor ring exposed to the analyte sample have different temperature dependences, temperature-induced drift difference between the two rings is also simultaneously magnified and thus decrease the reliability of detection results. The other method is to employ an integrated spectrometer such as AWG [13] and echelle diffraction grating (EDG) [14] to interrogate the resonance wavelength shift of ring sensor, which is widely used in fiber Bragg grating sensor interrogation system [15] - [16] . Unfortunately, it also suffers the temperature dependence difference between the integrated AWG/ EDG and the ring sensor, and therefore extra temperature compensation techniques are required.
In order to eliminate the temperature dependence for ring sensors, many methods are proposed and experimentally demonstrated [17] - [21] . The most widely used method is to introduce a temperature control system for maintaining a constant operating temperature [13] , but it is hard to realize high density integration because of its large footprint and energy consumption. The second viable method is to use a reference ring to monitor the temperature change in real-time [17] - [19] .
However it not only requires an external high-resolution tunable laser/spectrometer, but also extra data processing to eliminate the temperature-induced sensor signal change, which significantly increases the cost and makes the measurement cumbersome. The third method is to make the ring sensor athermal by means of athermal waveguide design using core and cladding materials with thermo-optic coefficients of opposite signs [20] - [21] . In this case it is challenge to choose appropriate materials and therefore its applications are limited.
Recently, a temperature insensitive all-silicon Mach-Zehnder interferometer filter employing a polarization rotating asymmetrical directional coupler in combination with different waveguide width design for the two arms is proposed and experimentally demonstrated [22] . However, its temperature insensitive operating wavelength range is very limited.
In this paper, we propose novel design for a temperature selfcompensated optical waveguide biosensor based on the cascade of a ring resonator and an arrayed waveguide grating spectrometer. The AWG spectrometer is designed to have the same temperature dependence as the ring sensor, by means of appropriately choosing their respective waveguide widths, to eliminate the temperature induced drift in detection result. Furthermore, a CoG detection technique is used for processing the power distributions at all output channels of the AWG spectrometer to realize a low-cost and on-chip detection for the resonance wavelength of the ring sensor. Fabrication tolerances on waveguide width, ring radius, and operating wavelength are also discussed.
II. PRINCIPLE AND DESIGN

A. Athermal Design
For the ring resonator, its resonance wavelength shift is essentially caused by a change of the effective index of the resonant mode n eff .
with n g group index of the resonant mode, defined as n g = n eff − λ dn eff /dλ. n eff is influenced by the refractive index of the cladding, which is altered by the analyte and by environmental temperature change. Therefore, Δn eff can be expressed as
with n cl refractive index of the cladding. Substituting Eq. (2) into Eq. (1), we can obtain
As shown in Eq. (3), the first term Δλ S indicates the analyte induced resonance wavelength shift for the ring sensor while the second term Δλ T indicates the environmental temperature induced resonance wavelength shift. Especially for SOI-based ring resonator, the second term can be as large as 50 pm/
• C. Therefore it must be eliminated to have a high accuracy for the detection result in ring-based sensor applications. Fig. 1 shows schematic diagram of the proposed temperature self-compensated optical waveguide biosensor consisting of a ring sensor region and an AWG spectrometer connected to a detector array or an infrared camera to read out its outputs. An AWG spectrometer, which also suffers a temperature induced wavelength shift for its output spectrum, is cascaded to drop port of the ring sensor. The temperature dependence for an AWG can be expressed as
where n effa and n ga are effective index and group index of the array waveguide, respectively. For the cascaded ring sensor and AWG, the output signal from the i-th channel of the AWG spectrometer can be expressed as
with T Ring (λ) and T AWG (i, λ) the initial transmissions from drop-port of the ring sensor and i-th output channel of the AWG respectively, at an arbitrary wavelength λ. T Ring (λ − Δλ S − Δλ Tr ) and T AWG (i, λ − Δλ Ta ) represent the real-time transmissions after there is a cladding refractive index change Δn cl for the ring sensor and an environmental temperature change ΔT. As shown in Eq. (7), I i is dependent on Δn cl and ΔT. Fig. 2 shows how an environmental temperature variation ΔT influences the detected power I i when assuming that the cladding refractive index of the ring sensor is unchanged. If resonance wavelength shift Δλ Tr , as given in Eq. (5), is greater or less than wavelength shift Δλ Ta of the AWG, as given in Eq. (6), the resonance peak of the ring sensor transmitted by the AWG will appear at a different position in focal line of the AWG as before the temperature change and consequently the detected power I i from the i-th output channel of the AWG will not be the same as the initial detected power before an environmental temperature change ΔT. However, if Δλ Tr is equal to Δλ Ta , i.e., the transmission spectra for the ring sensor and AWG will move simultaneously with respect to temperature change, the resonance peak of the ring sensor transmitted by the AWG will appear at the same position as before the temperature change and consequently the detected power I i will be free from the influence of temperature variation. Then Eq. (7) can be further simplified as follows
which indicates that the received power I i is only determined by sensing cladding refractive index change Δn cl , caused by analytes binding to the functionalized surface of the ring sensor, or by analytes in the whole region of a cladding layer. As mentioned above, the key point for the proposed device is to make the ring sensor and the AWG have the same temperature dependence. As can be seen in Eq. (5) and (6), dλ/dT is dependent on the waveguide dimension, which in turn determines n eff and n g , operating wavelength and the cladding material TO constants, which in turn determine dn eff /dT. In our current design for sensor applications, all waveguides in the proposed biosensor operate in the transverse magnetic (TM) mode, which has higher sensitivity in comparison with TE mode when SOI wafer with a thin Si layer (such as 220, 250, 260 nm) is used [8] . Here SOI wafers with 250 nm top Si layer and 3μm buried oxide (BOX) layer are employed as an example. We use a horseshoe-shaped layout for array waveguides of the AWG [23] to improve its performance, i.e., the optical phase difference between adjacent arrayed waveguides in array region results from wide straight waveguides that have low sensitivity to waveguide width fluctuations originating from imperfect fabrication while narrow single-mode waveguide with sharp bend is employed in bend region to keep the footprint of the AWG compact. An adiabatic taper, which makes sure that only the fundamental mode is excited in the broad waveguide, is introduced to connect the narrow bend waveguide and the broad straight waveguide. Therefore, for the later simulation, we only need to analyze the temperature dependence of broad straight array waveguide in grating arms of the AWG. By using Eqs. (5)-(6) in combination with a full-vector finite difference modesolver [24] to calculate the effective index of the guided mode, temperature dependences of the fundamental TM mode at λ = 1550 nm for the ring sensor and the AWG with respect to the waveguide width of a Si channel waveguide are calculated and the results are shown in Fig. 3 . In the calculation, we assume that the ring sensor has an upper-cladding of aqueous solution, which is pertinent to most biosensing applications, and the array waveguide of the AWG with SiO 2 and Su-8 polymer as its upper-cladding, respectively. Table I lists the refractive indices and TO coefficients of relative materials. As can be seen in Fig. 3 , the values of dλ/dT increase with increasing waveguide width for both the ring sensor and the AWG, and begin to saturate as the waveguide width further increases. For the AWG, its temperature dependence also differs under different upper-cladding. According to the previously introduced design principle, there are many available sets of waveguide widths for the ring sensor and array waveguide widths for the AWG, as shown in Fig. 3 , to meet the condition of same temperature dependence. For silica as upper-cladding of the AWG, it has a narrow array waveguide width of less than 300 nm and the ring sensor has a broad waveguide width, while for Su-8 polymer as upper-cladding of the AWG, it has a broad array waveguide width and the ring sensor has a narrow waveguide width of less than 450 nm. However, in addition to the same temperature dependence, we need to consider four other critical points for choosing the design parameters: (i) the ring sensor is required to have the characteristics of low loss, single mode operating and high sensitivity to sensing change, (ii) the AWG is required to have a good performance, (iii) a large fabrication tolerance on waveguide dimension for the ring sensor and the AWG, and (iv) it is easy to open sensing windows. Based on these, Su-8 polymer is determined to be the upper-cladding of the sensor chip, and a waveguide width of 410 nm for the ring sensor and an array waveguide width of 1000 nm for the AWG are chosen. Fig. 4 shows temperature dependences as a function of wavelength for the ring sensor with the uppercladding of aqueous solution and the AWG spectrometer with Su-8 polymer as the upper-cladding, respectively. Although the temperature dependences for both the ring sensor and AWG decrease with increasing wavelength, the temperature dependence difference of less than 1 pm/°C between them is obtained in the wavelength range from 1500 to 1600 nm. If we assume that the temperature dependence difference of less than 0.25 pm/°C is required, the available wavelength range of 20 nm around 1550 nm is obtained. Because of the high index contrast between the silicon core and its cladding, a small change in waveguide dimension will result in a large change in the effective index, and consequently the spectral wavelength shift of the ring sensor and the AWG. Since a within-wafer thickness uniformity of ±1 nm is realized in a commercial SOI wafer with the diameter of 300 mm [28] , we here only discuss the width variation, resulted from the mask technology and the imperfect fabrication processes, on the effect of the spectra. Fig. 5 shows the spectral wavelength shift with respect to the waveguide width variation, defined as dλ/dw = (λ/n g ) dn eff /dw, for the ring senor and AWG, respectively. Considering the designed ring waveguide width of 410 nm and array waveguide width of 1000 nm, as indicated with the dotted line in Fig. 5 , the ring sensor has a wavelength shift dλ/dw of ∼ 0.45 nm/nm and the AWG has a dλ/dw of ∼ 0.05 nm/nm. Even though there is a linewidth uniformity of ± 20 nm, the spectral wavelength shifts for the ring sensor and AWG are 9 nm and 1 nm, respectively. These values are still in the operating wavelength range as shown in Fig. 4 . In current foundry services using DUV or e-beam lithography [28] , linewidth uniformity of less than ± 10 nm is available. Therefore, a large fabrication tolerance is obtained for the designed waveguide widths. Fig. 6 gives the temperature dependence for TM mode with respect to ring radius having a waveguide cross-section of 250 × 410 nm 2 and the operating wavelength is 1550 nm. As shown, the temperature dependence difference between different ring radii can be neglected when the ring radius is larger than 5 μm. Therefore a large fabrication tolerance can be obtained.
Also, it should be noted that in order to make the AWG experience similar temperature environment as the ring sensor, the array waveguides of the AWG (or the whole AWG part) should be placed in the same microfluidic channel to maintain a good thermal contact with the sensing medium, as the way used in Ref. [10] , [18] - [19] .
B. Wavelength Detection for the Ring Sensor
In order to realize on-chip interrogation for the resonance wavelength of the ring sensor, a Center of Gravity detection technique [29] - [30] is employed for all output channels of the AWG spectrometer. We design the AWG spectrometer with large cross-talk between its output channels in order to make a resonance peak of the ring sensor transmitted by this AWG produce an appreciable output signal over several adjacent output channels of the AWG. Therefore, the wavelength position of the resonance peak can be derived from the following equation,
where I i (λ ring ) is the detected power from i-th output channel of the AWG spectrometer, and λ i I 0 is central wavelength of the i-th output channel when the light inputs from the central input channel I 0 as shown in Fig. 1 . We use two auxiliary input channels of I −1 and I 1 as shown in Fig. 1 as a reference, which are symmetric about the central input channel I 0 , to determine λ i I 0 instead of using a reference AWG. Therefore, the chip size is further reduced and the output wavelength difference between the employed AWG and the reference AWG, which results from imperfect fabrication and film nonuniformity of the SOI chip, can be avoided. According to the symmetric property of AWG, λ i I 0 can be expressed as
where λ i I −1 and λ i I 1 are central wavelengths of the i-th output channel when the light inputs from the input channel I −1 and I 1 of the AWG, respectively, by means of surface grating couplers [31] . Fig. 7 shows schematic diagram of using the CoG detection technique to derive the wavelength position of a resonance peak of the ring sensor. From Eq. (9), we can obtain that the derived wavelength λ ring AWG is immune to source power fluctuation. The real-time interrogated wavelength shift can be derived as Δλ Fig. 9 . Calculated wavelength shifts derived from through-port I t of the ring sensor (shown in 'Line') and outputs of the AWG spectrometer (shown in 'Symbol'), respectively, for different bulk refractive indices of the sensing cladding and temperatures. 
III. SIMULATION RESULTS AND DISCUSSION
In order to produce a large overlap between adjacent output channels of the AWG spectrometer, a fairly sharp as well as broad spectral response is required. We use a simple broad waveguide connected to the end of the central input waveguide I 0 to obtain a required broader channel profile. As dicussed in Section II, if we choose the temperature dependence difference of less than 0.25 pm/°C between the ring sensor and the AWG spectrometer as the requirement, the wavelength range of 20 nm around 1550 nm is available. In our current design, an AWG centered at 1550 nm with 16 output channels and channel spacing of 0.8 nm is designed, the array waveguide with Su-8 polymer as its upper cladding has a dimension of 250 × 1000 nm
2 . An adiabatically tapered input waveguide with a start width of 0.41 μm and a broad end width of 5μm is chosen in order to broaden the output channel response, and the pitch between adjacent tapered output waveguides with a start width of 0.8 μm and an end width of 0.41μm is 1.5μm. Therefore, the overlap between adjacent output channels is significantly enhanced and the resonance peak of the ring sensor transmitted by the AWG spectrometer can be received by several adjacent output channels. For design of the ring sensor with aqueous solution as its upper-cladding, it has a waveguide dimension of 250 × 410 nm 2 and a circumference L of 37.8 μm, which corresponds to a center resonance peak wavelength of 1550 nm and has a free spectral range (FSR, FSR = λ 2 /n g L) of ∼ 14.5 nm larger than the product of AWG's channel number and channel spacing (16 × 0.8 = 12.8 nm), which makes sure that only one resonance peak of the ring sensor can be received by all output channels of the AWG spectrometer. Fig. 8 shows simulated power distributions at all 16 output channels of the AWG spectrometer and their corresponding derived resonance wavelength λ Ring A WG by means of Eq. (9) when the ring sensor is immersed in two aqueous solutions with bulk refractive indices of 1.325 and 1.335 at two different temperatures of 25°C and 50°C, respectively. As can be seen in Fig. 8 , the power distributions at all output channels are immune to temperature variation and only dependent on bulk refractive index change of the aqueous solution, which indicates that the output results from the AWG spectrometer are temperature free. Fig. 9 shows calculated wavelength shifts derived from through-port I t of the ring sensor and the AWG spectrometer, respectively. Bulk refractive index of the sensing cladding is increased from 1.325 to 1.345 of a fluid cladding and simulations are performed for four different temperatures of 0, 25, 50 and 80°C. It is clear that in Fig. 9 , the wavelength shifts as indicated in 'Line' calculated from through-port I t of the ring sensor are attributed to temperature change and sensing cladding refractive index change while those as indicated in 'Symbol' derived from outputs of the AWG spectrometer are only dependent on the sensing cladding refractive index change. Moreover, the derived wavelength shifts from AWG spectrometer agree well with those from I t of the ring sensor at room temperature of 25°C, which further theoretically confirms the athermal property and biosensing capability for the proposed sensor structure.
IV. RING SENSOR ARRAYS FOR MULTI-PARAMETER ANALYSIS
In order to realize multiparameter analysis simultaneously in biosensing testing, a sensor region comprising M rings is employed in our proposed optical waveguide biosensor as shown in Fig. 10 . As discussed in Section II, the ring sensor arrays have the same waveguide dimensions to maintain the same temperature dependence and a slightly different circumference among each other to have different operating resonance wavelength in the same resonance order. A slightly different ring circumference can be obtained by using a racetrack layout for the ring arrays and one can only change the length of the straight waveguide section while keeping the bend radius of each ring unchanged. For detection of the resonance wavelength of each ring sensor, we divide the output channels of the AWG spectrometer into M parts, and then let the M rings correspond to the M parts with each part having N/M output channels, respectively. Assuming that the M parts are independent on each other, the CoG detection technique can be used to every single part separately to derive the resonance wavelength of the corresponding ring sensor. For clarity we take the sensor region having 2 rings as an example, the one of which has a waveguide dimension of 250 × 410 nm 2 and a circumference L of 37.6 μm, which corresponds to a center resonance peak wavelength of 1547 nm, while the other has the same waveguide dimension of 250 × 410 nm 2 and a circumference L of 37.9 μm corresponding to a center resonance peak wavelength of 1552 nm. For design of the AWG spectrometer, it has the same waveguide structures as given in Section III and 30 output channels with a channel spacing of 0.4 nm. The output channels of #1 ∼ #15 correspond to the first ring sensor while the #16 ∼ #30 output channels correspond to the second ring sensor, and consequently the resonance peak wavelengths of the two ring sensors can be derived by power distributions at corresponding output channels in combination with the CoG detection technique. Fig. 11(a) and (b) show simulated power distributions at all 30 output channels of the AWG spectrometer when the two ring sensors are immersed in the same initial aqueous solution with bulk refractive index of 1.325 for two different temperatures of 25°C and 50°C, respectively. Fig. 11(c) and (d) show simulated power distributions at all 30 output channels of the AWG spectrometer for the first ring sensor immersed in an aqueous solution with bulk refractive index of 1.33 and the second ring sensor immersed in an aqueous solution with bulk refractive index of 1.335 at two different temperatures of 25°C and 50°C, respectively. The derived resonance wavelengths of λ Ring1 A WG and λ Ring2 A WG for the two ring sensors are also denoted respectively in Fig. 11 . Again, as can be seen in Fig. 11 , the power distributions at all 30 output channels are immune to temperature change and only determined by refractive index change of the aqueous solution, which further theoretically demonstrate the temperature self-compensation property and the capability for parallel biosensing detection for the designed sensor structure.
V. CONCLUSION
In this paper, we presented the design for a temperature self-compensated optical waveguide biosensor employing the cascade of a ring resonator and an AWG, and theoretically demonstrated its athermal property and biosensing capability. By appropriately choosing the waveguide widths, the AWG spectrometer is designed to have the same temperature dependence as the ring sensor/ sensor arrays with respect to temperature change to eliminate the temperature-induced wavelength shift in detection result. A CoG detection technique is used for processing the power distributions at all output channels of the AWG spectrometer to derive the resonance wavelength of the ring sensor with low cost and high accuracy.
The proposed sensor structure operating at TM mode, with a ring waveguide dimension of 250 × 410 nm 2 and an array waveguide dimension of 250 × 1000 nm 2 , has a large fabrication tolerance on the operating wavelength up to ± 50 nm around 1550 nm, a low sensitivity of 0.45 nm/nm for the ring and 0.05 nm/nm for the AWG to waveguide width, and a low temperature dependence on ring radius. The simulation results show that the derived wavelength shifts of ring sensor/ sensor arrays via the AWG, which agree well with those calculated from through-port I t of the ring sensor/ sensor arrays at room temperature of 25°C, are immune to the environmental temperature variation and only dependent on refractive index change of the sensing upper-cladding. The proposed temperature selfcompensated sensor chip, without the needs for external highresolution light source/ spectrometer and extra processing for the detected data to eliminate the temperature influence, can be used for a portable and low-cost sensor detection. Experimental demonstration of the proposed sensor chip is ongoing and the results will be reported in the near future.
